ABSTRACT Reliable electroantennogram (EAG) responses were obtained from the plum curculio, Conotrachelus nenuphar (Herbst), by using a whole body mount with glass electrodes Þlled with KCl-saturated AgCl solution that penetrated the antennal club (recording electrode) and the membrane attached to the cervical sclerite between the thorax and the head (indifferent electrode). Known attractive odor sources including extracts of headspace collections of ÔStanleyÕ plum and ÔEmpireÕ apple tissues and a synthetic source of racemic grandisoic acid were used to verify the sensitivity of the technique. The amplitude of responses was signiÞcantly greater for females than males among all candidate stimuli evaluated. The recorded amplitudes for all odor stimuli evaluated were signiÞcantly greater than the methylene chloride solvent control. The development of this EAG technique will facilitate use of a coupled gas chromatographic-electroantennographic detection system to aid in detection of novel, biologically and behaviorally active volatile sources that can be subsequently evaluated in behavioral trials and ultimately lead to more powerful attractants for use in monitoring and management programs for plum curculios in commercial fruit orchards.
The plum curculio, Conotrachelus nenuphar (Herbst), is a serious pest of stone and pome fruit in eastern North America (Racette et al. 1992; Vincent et al. 1999 Vincent et al. , 2004 and was cited by New England apple growers as the species that required the greatest pest management effort (Clifton 2005) . In the spring, adults move from overwintering sites toward orchards where they mate in or near host fruit trees (Smith and Salkeld 1964 , Racette et al. 1992 , Piñ ero et al. 2001 . Adults feed on and females oviposit in developing fruit soon after petal fall, cutting a small, crescent-shaped ßap in the fruit skin and then depositing an egg (Quaintance and Jenne 1912, Chapman 1938) . Subsequent larval feeding can lead to either fruit drop (Levine and Hall 1977) or severe scarring (Quaintance and Jenne 1912, Racette et al. 1992) . In New England, New York, and likely much of Pennsylvania and in eastern Canada, the plum curculio has one generation per year (Racette et al. 1992 ), but in mid-Atlantic states such as West Virginia Wright 2004b, Leskey 2008 ) and more southern locations, multivoltine populations are present and therefore are capable of injuring fruit throughout the growing season.
Over the past decade, there has been a great deal of effort directed toward development of monitoring tools for plum curculio (Piñ ero et al. 2001; Johnson et al. 2002; Leskey and Prokopy 2002; Prokopy et al. 2003 Prokopy et al. , 2004 Leskey and Wright 2004b) to permit deÞnition of integrated pest management (IPM)-based treatment thresholds for commercial orchards. Thus far, development of such a monitoring tool has included trap-based (Piñ ero et al. 2001 , Johnson et al. 2002 , Leskey and Prokopy 2002 , Leskey and Wright 2004b , Leskey 2006 ) and trap tree-based (Prokopy et al. , 2004 Leskey et al 2008) approaches, most of which rely on the use of olfactory attractants. These attractants include the single-component, male-produced aggregation pheromone grandisoic acid (Eller and Bartelt 1996) , plum essence (Coombs 2001) , benzaldehyde, which is synergized by the presence of grandisoic acid (Piñ ero et al. 2001, Piñ ero and , and a multiple-component blend identiÞed from foliar and woody tissues of ÔStan-leyÕ plum that was found to be more attractive when combined with benzaldehyde and grandisoic acid (Leskey et al. 2005) . However, these attractants have proven less than ideal in terms of deployment as part of a monitoring system because they become less competitive in orchards after petal fall. Leskey and Wright (2004a) showed that the presence of host apple trees has a negative impact on plum curculio responses to baited traps, i.e., after fruit set, the olfactory cues produced by host trees outcompete those provided by available synthetic attractants. There is clearly a need to identify more competitive and speciÞc attractants for plum curculio.
This task has proven difÞcult based on the available technology for selecting and screening candidate olfactory stimuli. Currently, all of the known attractants for plum curculio have been identiÞed using laboratory-and/or Þeld-based behavioral bioassays of adult plum curculio response to neat solutions of volatiles identiÞed from gas chromatographyÐmass spectrometry (GC-MS) studies of host plantÐ (Leskey et al. , 2005 Prokopy et al. 2001; Piñ ero et al. 2001) or insect-produced volatiles (Eller and Bartelt 1996) . Thus, candidate stimuli that have been targeted as potential attractants have not been based on positive electroantennogram (EAG) or gas chromatographicelectroantennographic detection (GC-EAD) responses obtained from plum curculios, leading to the likelihood that more complex, powerful, and speciÞc attractants could be identiÞed more efÞciently based on positive electrophysiological responses coupled with behavioral bioassays to conÞrm attraction to the potential stimulus. Although Leskey et al. (2005) reported several positive GC-EAD responses to particular host plant volatiles from adult plum curculios, the method used in that particular study was not easily repeatable. Although attempts have been made to obtain EAG and GC-EAD responses from the plum curculio, a technique for obtaining reliable electrophysiological responses to olfactory stimuli has remained elusive. Here we describe a reliable method for obtaining EAG responses from the plum curculio based on a whole body mount and unique holder conÞguration.
Materials and Methods
Plum Curculios. Plum curculios used as test subjects in EAG trials were taken from a laboratory colony established in 2001 at the Appalachian Fruit Research Station (Kearneysville, WV) and augmented annually with wild individuals. Plum curculios were reared in the laboratory on a diet of green thinning apples based on the methods of Amis and Snow (1985) . Newly emerged adults were held in an environmental chamber at 25ЊC and 14 L:10 D in mixed-sex groups of 100 individuals with a source of food and water (green thinning apples and wetted cotton dental wick) for 2 wk to allow sexual maturation and mating to occur. Mature adults were removed from the chamber and sexed according to the methods of Thomson (1932) before testing.
Odor Stimuli. Odor stimuli evaluated in these trials were previously found to be attractive to plum curculio under laboratory and/or Þeld conditions. These include host fruit odor sources from apple (Leskey and Prokopy 2000) and European plum (Leskey and Prokopy 2000; Leskey et al. 2001 Leskey et al. , 2005 , both of which were found to be attractive in laboratory bioassays (Leskey and Prokopy 2000) and in Þeld studies (Butkewich and Prokopy 1997, Leskey and Wright 2007) . We also evaluated the male-produced aggregation pheromone grandisoic acid (Eller and Bartelt 1996) , which has been proven to be attractive in Þeld trials (Eller and Bartelt 1996 , Piñ ero et al. 2001 , Leskey et al. 2005 .
Headspace volatiles were collected from fruiting, foliar, and woody tissues of known hosts of the plum curculio (Leskey and Wright 2007) , the European plum cultivar ÔStanley,Õ and the apple cultivar ÔEm-pire,Õ in an unsprayed fruit orchard at the Appalachian Fruit Research Station (Kearneysville, WV) from 10 to 12 May 2007, after all petals had fallen and fruit had reached Ϸ6 mm diameter. A collection taken 19 Ð21 May 2007 when ÔStanleyÕ plum fruit reached Ϸ25 mm diameter also was used a stimulus. Volatile collection methods were based on those described by Zhang et al. (1999) . A large polyethylene bag (48.26 by 58.42 cm; Reynolds Oven Bags, Richmond, VA) was used as a source containment device and placed over select branches bearing Ϸ15Ð20 fruit. The open end of the bag was sealed with plastic ties tightened around the branch stem; the bag was vented near the tip with two 0.7-cm holes made with a standard hole punch to allow air to enter the bag. Air was drawn out of the bag by vacuum (Ϸ1.0 liters/min) through a glass tube (15 by 1.5 cm OD) containing a Super Q-Þlled trap (2.5 by 0.5 cm, 200 mg each; Alltech Associates, DeerÞeld, IL) that was positioned on the branch at the base of the open end of the bag before the bag was sealed. Volatiles were aerated continuously for 48 h under ambient Þeld conditions.
Volatile collections were eluted with methylene chloride; the eluates (2 ml/each sample tube) were stored at Ϫ30ЊC until evaluation. Sample tubes were subsequently rinsed with an additional 4 ml methylene chloride per tube to remove any remaining volatile constituents.
Racemic grandisoic acid was prepared by sequential oxidation of grandisol (Bedoukian Research, Danbury, CT), the active ingredient of commercial GrandLure, pheromone lure for the boll weevil, Anthonomus grandis. N-methylmorpholine (NMO; 9.0 g, 76 mmol) and a catalytic amount of tetrapropylammonium perruthenate (TPAP; 0.30 g, 0.85 mmol) were added to a dried solution of 6.4 g of grandisol (42 mmol) in methylene chloride. The mixture was stirred 1 h at room temperature, and the solvents were evaporated under reduced pressure resulting in a black oily residue. The product was chromatographed on silica gel using hexane:methylene chloride (4:1), affording grandisal as clear oil (5.1 g, 80% yield). The second oxidation step was conducted by dissolving grandisal in a mixture of acetonitrile (80 ml) and t-butanol (270 ml); 50 ml of 2-methyl-2-butene was added, and the reaction mixture was chilled to 0ЊC using ice water bath. An aqueous solution (105 ml) containing sodium chlorite (0.7 mM) and monosodium phosphate (0.7 mM) was added dropwise. After 1 h of strong agitation, 100 ml of hexane was added followed by 100 ml of saturated sodium bisulÞte. The organic layer was washed with water and extracted with 1 M NaOH solution. The alkaline water phase was neutralized with HCl 10% and extracted with methylene chloride. After drying with magnesium sulfate and evaporation of solvent under reduced pressure, 1.38 g of grandisoic acid was obtained (25% yield). Racemic grandisoic acid was diluted in methylene chloride (2.0 mg/ml) and stored at Ϫ30ЊC until evaluation.
EAG Procedure. Subject plum curculios were immobilized in a custom polycarbonate insect holder (Fig. 1) , measuring 9.0 mm width by 10 mm height by 35 mm length. Adults were inverted to expose their ventral side and sleeved (dorsal side down) into a cylindrical holding port (3.0 mm diameter by 6.0 mm length). The rostrum was extended and held in place by clamping it against a rubberized platform using a laterally inserted 0.5-mm steel pin (Figs. 2 and 3 ). The indifferent electrode was produced using a model P.80/PC Flaming Brown Micropipette Puller (Sutter Instrument, Novarto, CA) and based on a modiÞed "bee-stinger" tip program (heat ϭ 410, pull ϭ 0, velocity ϭ 25, time ϭ 150; three loops) resulting in an electrode with the following speciÞcations: 1.0 by 0.5-mm-thick-walled borosilicate glass, 3.5-mm taper to 1.0-m tip, Ϸ5.0-MOhm resistance. The indifferent electrode was Þlled with diluted reference electrode solution (diluted from 4.0 M KCl-saturated AgCl to 0.4 M) and inserted through a port in the top of the holder through the exposed membrane attached to the ventral cervical sclerite between the thorax and the head (Figs. 2 and 3) . The steel clamping pin was withdrawn (but not removed) to permit insertion of the recording electrode. The tip of the target antenna was inserted in a 0.2-mm-diameter port punctured in the top plate of the insect holder, leading to a 6-mm-diameter reservoir within the holder. Vacuum (Ϸ650 mmHg, through Gast 0211 Series Vacuum Pump; Gast Mfg., Benton Harbor, MI) was applied to this reservoir through a 1.4-mm-diameter polypropylene tube inserted into a hole drilled in the side of the insect holder ( Fig. 1) , holding the tip of the antenna in place and exposing the insertion point for the recording electrode. The recording electrode was similarly produced, based on modiÞed "bee-stinger" tip program (heat ϭ 370, pull ϭ 0, velocity ϭ 15, time ϭ 150; six loops) and resulted in an electrode with the following speciÞcations: 1.0 mm by 0.5-mm-thick-walled borosilicate glass, 5.5-mm taper to 1.0-m tip, Ϸ5.0-MOhm resistance. The recording electrode was Þlled with diluted reference electrode solution (diluted from 4.0 M KCl saturated AgCl to 0.4 M) and inserted through a port at the rear of the polycarbonate holder at a 6Њ declining approach angle (Figs. 1 and 2 ). The tip of the recording electrode was inserted into the midpoint (between segments 2Ð3) of the immobilized foursegmented antennal club, as this region has the greatest concentration of potential olfactory receptors based on electron microscopy studies (Alm and Hall 1986) (Fig. 3) . The vacuum application was switched off, allowing the antennal club to be removed from the vacuum port. The coupled recording electrode and target antenna were clipped in place by levering the rear of the electrode into a locking clip located at the rear of the polycarbonate insect holder (Fig. 1) .
The steel clamping pin was removed from the holder, and the test curculio was mechanically immobilized and held in place by the electrodes. The insect holder was nested into a secondary polycarbonate slideframe (10.0 mm width by 6.0 mm height by 110 mm length) to permit insertion of polished tungsten electrodes (0.2 mm diameter by 14 cm length) into the Þlled glass electrodes (Fig. 1) .
Signal Amplification and Capture. After inserting tungsten electrode wires, the insect holder was connected to a high-impedance DC ampliÞer with manual baseline drift correction and offset compensation, modiÞed from Bjostad (1998). Input signals were routed through three-stage ampliÞcation (Ϸ10ϫ, Ϸ10ϫ, Ϸ3ϫ), yielding a measured output ampliÞca-tion of Ϸ220ϫ. AmpliÞed signal was received by a USB-1608FS data acquisition unit (Measurement Computing, Norton, MA) and passed to a computerbased analytical program (DasyLab 9.0; Dasytec USA, Amherst, NH) for interpretation and recording output. Output samples were taken and recorded at a rate of 31 samples/s and were displayed in real time on a digital strip chart recorder. Data were exported in spreadsheet form for analysis.
Stimulus Control. After mounting and connection, baseline output signal of individual plum curculios was observed and allowed to stabilize for up to 10 min. Individual plum curculios exhibiting output baseline variation (noise) of greater than Ϯ25 mV were not tested (Ͻ20% of those mounted). After baseline stabilization, the insect holder was inserted into a 16-mm-diameter cylindrical port at the terminus of a moving air stream, and clean air was passed across the recorded antenna at 1,000 ml/min. Odor Stimuli Comparisons. For each treatment, 50 l of solution was dispensed onto a Þlter paper strip, solvent was evaporated completely, and strips were loaded into glass Pasteur pipettes, each mounted on a 10-ml syringe. Four stimuli were assessed: headspace collections of ÔStanleyÕ plum and ÔEmpireÕ apple (undiluted), dilution of pure racemic grandisoic acid (0.1% wt:vol), and methylene chloride alone (as control). Preparation of stimulus cartridges was repeated every 2 h during test periods. A rotation of 2-ml puffs of each tested stimulus was injected into the clean air stream through an oriÞce 15 cm upwind from the antenna at a 30 s interval. Ten female and 10 male plum curculios were exposed to each stimulus Þve times, yielding a 10-min total trial time for each responder. To aid in data compilation and analysis, the order of stimulus introduction was the same for all plum curculios: (1) solvent control, (2) racemic grandisoic acid, (3) ÔStanleyÕ plum, and (4) ÔEmpireÕ apple.
The EAG response of adult plum curculio to a headspace collection of ÔStanleyÕ plum (at the physiological stage in which fruit had reached 25 mm diameter) was evaluated as a doseÐresponse study. The volatile extract generated from that particular headspace collection was concentrated to 2ϫ under a nitrogen stream and subsequently prepared as a serial dilution of 1ϫ, 0.5ϫ, 0.25ϫ, 0.125ϫ, and 0.0625ϫ using the solvent methylene chloride. For each dose, 50 l of solution was dispensed onto a Þlter paper strip, and the trial proceeded as described above. Five female plum curculios were exposed to each stimulus dose and to a solvent-only control four times, yielding a 14-min total trial time for each responder.
Statistics. To verify the sensitivity of the EAG technique, mean amplitude of response (mV) based on the Þve EAG responses per stimulus source was calculated for each individual. For the doseÐresponse study, four EAG responses per stimulus source were calculated. EAG response data from each individual were analyzed using the GLM procedure (SAS Institute 2003) to construct analysis of variance (ANOVA) tables for mean amplitude of response (mV) among all individuals evaluated. The EAG sensitivity model evaluated the effect of sex and odor stimulus and the doseÐ response model evaluated the effect of odor stimulus dose. Dependent variable data were not transformed because homogeneity-of-variance assumptions were not violated according to LeveneÕs test for homogeneity (SAS Institute 2003) . When the GLM indicated signiÞcant differences, multiple comparisons were calculated using TukeyÕs honestly signiÞcant difference (HSD; P Յ 0.05). DoseÐresponse data were also subjected to a linear regression in which dose served as the independent variable and amplitude of response (mV) served as the dependent variable (SAS Institute 2003) .
Results

EAG Responses.
The antennae of plum curculio were sensitive to both host plant and racemic grandisoic acid odors, but not to the solvent control. Successful EAGs were recorded for both males and females to these known attractive odor stimuli introduced at 30 s. intervals (Fig. 4) . The model for antennal responsiveness based on the amplitude of response (mV) was signiÞcant (F ϭ 79.63; df ϭ 4,75; P Ͻ 0.001) with signiÞcant differences attributed to both sex (P ϭ 0.004) and odor stimulus (P Ͻ 0.001). SigniÞcantly greater EAG responses were obtained for females (0.89 Ϯ 0.09 [SE] mV) compared with males (0.72 Ϯ 0.08 mV) across all treatments.
Among the treatments evaluated, signiÞcantly greatest amplitudes were recorded for ÔStanleyÕ plum and ÔEmpireÕ apple, followed by racemic grandisoic acid which was signiÞcantly greater than the control for all individuals evaluated (Fig. 5) . This same pattern of response to treatments was detected among female test subjects (F ϭ 27.49; df ϭ 3,36; P Ͻ 0.001) and among male test subjects (F ϭ 43.63; df ϭ 3,36; P Ͻ 0.001) with signiÞcantly greatest responses recorded for ÔStanleyÕ plum and ÔEmpireÕ apple (Fig. 5) .
There was a signiÞcant doseÐresponse to ÔStanleyÕ plum (F ϭ 314.65; df ϭ 1,138; P Ͻ 0.001; r 2 ϭ 0.69); as concentration increased, the magnitude of the response increased (Fig. 6) . The model for antennal responsiveness based on the amplitude of response (mV) was signiÞcant (F ϭ 86.62; df ϭ 6,133; P Ͻ 0.001) among doses evaluated. The response to the 2ϫÔStan-leyÕ plum extract, the highest concentration evaluated, was signiÞcantly greater than all lower doses and a clean air control (Table 1) .
Discussion
Our EAG technique for the plum curculio is similar to successful techniques used to obtain EAG responses in other curculionid species. For example, EAGs obtained from the apple blossom weevil, Anthonomus pomorum L., were based on a whole body mount and Ag/AgCl electrodes Þlled with RingerÕs solution inserted into the antennal club (recording electrode) and the head capsule (indifferent electrode) with amplitudes measuring Ϸ1.0 Ð2.0 mV to apple bud blossom volatiles (Kalinová et al. 2000) , comparable to our responses to ÔStanleyÕ plum and ÔEmpireÕ apple volatiles (Fig. 4) . Similarly, EAGs were recorded for the strawberry blossom weevil, A. rubi Herbst, using a whole body mount and glass electrodes Þlled with insect RingerÕs solution with the recording electrode inserted into the tip of the antennal club and the indifferent electrode inserted at the base of the head (Bichão et al. 2005) . For the large pine weevil, Hylobius abietis L., a whole body mount coupled with sharpened tungsten electrodes inserted into the tip of the antennal club (recording electrode) and at the base of the antenna (indifferent electrode) resulted in successful EAG responses to potential deterrent compounds (Huotari et al. 2002) .
However, for other curculionid species, less specialized methods are sufÞcient for detecting and measuring electrophysiological responses. For example, reliable EAG responses were obtained from excised antennae of Rhynchophorus ferrugineus; in this case, Ag/AgCl electrodes Þlled with insect RingerÕs solution were inserted into the antennal club (recording electrode) and the antennal base (indifferent electrode) (Gunawardena et al. 1998) . However, in pursuing a replicable EAG technique for the plum curculio, we evaluated antenna-only and whole head preparations that relied on external signal detection methods, with the surface of the antenna in contact with the electrode (not penetrating the antenna) and found that response signals were almost never detected (T.C.L. and S.E.W., unpublished data). The most reliable and consistent response were obtained by using a liveinsect, whole body mount with glass electrodes penetrating the antennal club and the membrane attached A. Female plum curculio electroantennogram trace to four stimuli: 1) evaporated solvent (methylene chloride); 2) racemic grandisoic acid; 3) 'Stanley' plum headspace; and 4) 'Empire' apple headspace. B. Male plum curculio electroantennogram trace to four stimuli: 1) evaporated solvent (methylene chloride); 2) racemic grandisoic acid; 3) 'Stanley' plum headspace; and 4) 'Empire' apple headspace. Representative EAG responses obtained from antennae of (A) female and (B) male plum curculio exposed to a 2-ml puff of odor from a solvent standard, from headspace volatile extracts of ÔStanleyÕ plum and ÔEmpireÕ apple, and from synthetic grandisoic acid. A single trial consisted of antennae exposed to four stimuli at a 30-s interval, repeated Þve times over 10 min.
to the ventral cervical sclerite between the thorax and head.
The odor stimuli we chose to verify the sensitivity of our EAG technique were previously shown to be behaviorally active odor sources for plum curculio. Leskey and Prokopy (2000) showed adult plum curculios were attracted to the odor of fruiting, foliar, and woody tissues of apple and fruiting tissues of plum under laboratory conditions. Similarly, plum curculios were attracted to single volatile components of plum fruit odor under laboratory and Þeld conditions , to a blend of compounds identiÞed from foliar and woody tissues of plum under Þeld conditions (Leskey et al. 2005) , and to ÔStanleyÕ plum and apple trees under Þeld conditions (Leskey and Wright 2007) . Eller and Bartelt (1996) Þrst showed attraction to racemic grandisoic acid under Þeld conditions, with traps baited with this stimulus source capturing Ϸ1.5ϫ more females than males. Of course, concentration can inßuence the amplitude of EAG responses of coleopteran species (Rodriguez-Saona et al. 2006) , and we observed greater responses to our undiluted fruit volatile samples compared with the 0.1% (wt:vol) grandisoic acid sample. In the doseÐ response trial, we found that the amplitude of the response from female plum curculio increased with increasing concentration of a ÔStanleyÕ plum extract ( Fig. 6; Table 1 ). Similarly, a doseÐresponse relationship was detected in EAG studies of FullerÕs rose weevil, Pantamorus cervinus (Boheman), to a number of compounds (Wee et al. 2008 ). Thus, we can expect to observe differences in amplitude based on concentration of stimuli presented, but we veriÞed the sensitivity of our EAG technique based on comparisons with clean air controls ( Fig. 5 ; Table 1 ).
Our next step will be to conduct GC-EAD responses of plum curculio to host plantÐ and insect-produced volatiles to identify novel candidate stimuli that could provide more competitive and speciÞc attractants for the plum curculio. To date, identiÞcation of host plantÐ based attractants has never been speciÞcally based on a preferred host plant. Interestingly, only European plum cultivars and apple have been used to identify potential attractants for the plum curculio (Leskey et al. , 2005 , but Japanese plum cultivars ÔFormosaÕ and ÔSanta RosaÕ are more highly preferred than any other cultivated rosaceous host (Leskey and Wright 2007) . Thus, we anticipate GC-EAD studies of headspace collections of Japanese plum cultivars likely will lead to the identiÞcation novel attractants.
Similarly, we also plan to re-evaluate the aggregation pheromone produced by the male plum curculio. Currently, a single compound was identiÞed from Means followed by the same letter are not signiÞcantly different according to TukeyÕs HSD (P Ͼ 0.05).
volatiles released by virgin male plum curculios (Eller and Bartelt 1996) . However, with other related weevil species such as strawberry blossom weevil, A. rubi (Innocenzi et al. 2001); pepper weevil, A. eugeni (Eller et al. 1994) ; boll weevil, A. grandis (Tumlinson et al. 1969) ; and the pecan weevil, Curculio caryae (Hedin et al. 1997) , the aggregation pheromone is comprised of multiple components. We suspect that this also may be the case for plum curculio and plan to conduct GC-EAD studies of headspace collections from virgin male plum curculios to identify additional potential pheromone components.
Using a combination of headspace volatile collections and GC-EAD techniques, we now have the ability to conclusively identify novel, biologically active volatiles that we hope will lead to competitive and speciÞc attractants that can be used to develop an effective and reliable monitoring system to detect plum curculio activity in commercial fruit orchards.
